https://mc06.manuscriptcentral.com/bcb-pubs Importantly, conserved amino acids that define the ubiquinone-binding site also play an important role in sulfide oxidation/flavin reduction.
of biological processes. In mammals, it is considered a very toxic molecule, which inhibits mitochondrial ATP production (Cooper and Brown 2008) . Recently sulfide has been identified as a signaling molecule and plays prominent roles in cellular physiology and pathophysiology, including the regulation of vascular homeostasis, inflammation, apoptosis, and cellular stress response (Li et al. 2011; Szabo 2007; Wallace and Wang 2015; Wang 2002) . However, it can be used as an energy source by microbes, such as the acidophilic chemolithotrophic bacterium Acidithiobacillus ferrooxidans (Shahak and Hauska 2008; Temple and Delchamps 1953; Zhang et al. 2013) .
A key enzyme in maintaining the sulfide homeostasis is sulfide:quinone oxidoreductase (SQR) 2 , an ancient flavoprotein that is present in all domains of life (although it is absent in the plant kingdom). SQR is a peripheral membrane protein and catalyzes the oxidation of sulfide species to elemental sulfur by transferring two electrons from a sulfide ion via the FAD cofactor to the quinone pool in the membrane. In SQR, three conserved Cys residues (Cys128, Cys160 and Cys356) in close proximity to the FAD are proposed to play key roles in sulfide oxidation through a nucleophilic attack mechanism or a radical mechanism (Cherney et al. 2012; Cherney et al. 2010; Zhang and Weiner 2014) . SQR interacts with the membrane via two amphipathic helices and the quinone-pool through a conserved hydrophobic domain (Cherney et al. 2010) . Quinones, the most important lipophilic electron and proton carriers, can undertake 2e -/2H + oxidation-reduction reactions and shuttle electrons and protons between respiratory enzymes via the membranebound quinone pool. Different types of natural quinones, comprising mainly benzoquinones, naphthoquinones, anthraquinones and polycyclic quinones, are widely distributed in different organisms. Animals and plants use ubiquinones (1,4-benzoquinones or pbenzoquinone) in their mitochondrial membrane quinone-pool, while bacteria use a mixture of quinones including ubiquinones, naphthoquinones and the derivatives menaquinone and rhodoquinone for bioenergetic reactions. The distribution in the redox potentials (E m,7 ) of 1 In this paper the term "sulfide" will refer to the total sulfide present in solution including the three different forms: H 2 S, HS -and S 2-. The species H 2 S, SH -and S 2-will be named specifically as necessary. 2 Abbreviations: SQR, sulfide:quinone oxidoreductase; DUQ, decylubiquinone; ANSO, Anthraquinone sulfonate; DHBQ, 2,5-Dihydroxy-1,4-benzoquinone; TTFA, Thenoyltrifluoroacetone; HOQNO, 2-n-heptyl 4-hydroxyquinoline-N-oxide; PCP, Pentachlorophenol D r a f t
The quinone site in At. ferrooxidans sulfide:quinone oxidoreductase 4 quinones and the derivatives ranges from ~ -400 mV for the non-physiological anthraquinones to ~ +110 mV for the physiological ubiquinones (Clark 1960) . A significant shift of the redox potential can be caused by hydroxylation or methylation on the quinone motif. e.g. duroquinone (E m,7 = +7 mV), menadione (E m,7 = -12 mV), lawsone (E m,7 = -119 mV) and plumbagin (E m,7 = -40 mV) (Ratasuk and Nanny 2007) .
In SQR the site of quinone binding has been determined from the co-crystallized SQR At.f -decylubiquinone (DUQ) complex structure (Cherney et al. 2010) . The binding site of decylubiquinone (DUQ) is confined to the hydrophobic region that is close to the two Cterminal amphipathic helices (α9 and α10, residues 321-427). The benzoquinone ring of DUQ is sandwiched between the two benzene rings of Phe357 and Phe394 with the centerto-center distance of 3.4 Å and 3.8 Å respectively (Fig. 1) . Out of a total of 47 atom-atom interactions with DUQ within a distance of 3.9 Å, 24 are made to these two phenylalanine residues ( Table S1 ). The other interacting residues Phe41, Pro43, Gly322, Tyr323, Asn353, Ile368, Lys391 and Tyr411, together with Phe357 and Phe394, form a hydrophobic pocket (Fig. 1) . The benzoquinone head is also located close to the isoalloxazine ring of FAD; the distance between the O2 atom of the quinone and the O2 atom of FAD is less than 3 Å (Fig. 1c) . The hydrophobic quinone tail (decyl chain) points away from the amphipathic helices. It interacts with the protein via the side chains of Tyr323, Asn353, Ile368, and Tyr411, which are located at the entrance of the hydrophobic pocket. Sequence conservation analysis indicated that these four amino acids are not conserved. However, of the ten residues interacting with the DUQ, the other six (Phe41, Pro43, Gly322, Phe357, Phe394 and Lys391) interacting with the headgroup of DUQ are highly conserved and potentially necessary for either structural integrity and/or biological activity (Fig. S1 ).
In this study we have examined the quinone-binding site using quinone analogues and quinone site inhibitors. was expressed from plasmid pLM1::SQR under the control of the T7 promoter (Zhang et al. 2009 ).
Quinones, Quinone analogs and Inhibitors
Decylubiquinone (DUQ), ubiquinone Q0 (UQ0), 2,3,5,6-tetramethylcyclohexa-2,5- 
Site-directed Mutagenesis of Quinone site Mutants
Construction of the site-directed variants was carried out following the QuikChange method (Stratagene) using pLM1::SQR plasmid as the template for mutagenesis (Zhang et al. 2009; Zhang and Weiner 2014) . The oligonucleotides used are listed in Table S2 and were obtained from Integrated DNA Technologies (Coraville, IA). All recombinant plasmids were verified by DNA sequencing (DNA core facility, University of Alberta).
Enzyme Expression and Purification
Enzyme expression and purification was performed as previously described (Zhang et al. 2009 ). The protein fractions were buffer-exchanged (to remove imidazole) and concentrated to 5 mg/mL in buffer (50 mM MOPS, 0.5 M NaCl, pH 7.0) using a YM-30
Centricon tube (Amicon) as soon as possible after the purification and flash-frozen as D r a f t aliquots with liquid N 2 before being stored at -80°C prior to use (Zhang and Weiner 2014) .
All steps of protein purification were performed at 4°C.
Protein Assays
Protein concentrations were determined by the Bradford method with bovine serum albumin as the standard (Bradford 1976) . Ten µg of purified wild-type and variants were analyzed by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli 1970 ).
Low-molecular-mass markers were obtained from Bio-Rad. Gel electrophoresis was run at 200 V for 45 min, and the gel was stained with Coomassie Brilliant Blue.
Measurement of Enzyme Activity
The quinone reduction activity of SQR was measured as described previously (Zhang and Weiner 2014) . Measurements were carried out with a Hewlett Packard 8453
UV-VIS diode array spectrophotometer at 23°C. The standard reaction mixture contained 50 mM Bis-Tris (pH 7.0) and 20 mM glucose. To establish anoxic conditions, the 50 mM Bis-Tris (pH 7.0) and 20 mM glucose were first mixed and flushed with N 2 ; 1 unit of glucose oxidase per mL and 10 units of catalase per mL were added to the assay medium when needed. The reaction was started by the addition of 100 µM freshly prepared Na 2 S.
The sulfide-decylubiquinone (DUQ) reduction activity of SQR was measured in the presence of varying concentrations of DUQ. The reaction was followed by the decrease of absorbance at 275 nm (ε 275 = 12.5 mM -1 cm -1 ) as described previously (Morton 1965; Shahak et al. 1994) . The sulfide-UQ 0 reduction activity was determined in the presence of (GraphPad Software, San Diego, CA). Measurements were carried out using the quinone reduction activity assay method as described above at 23°C. One mL anoxic reaction mixture contained 1.25 µg/mL wild-type SQR (or 12.5 µg/mL or 25 µg/mL SQR variant) and varying concentration of Na 2 S at constant DUQ (50 µM) or varying concentration of quinone or quinone analog at constant Na 2 S (100 µM). The k cat was calculated based on the specific activity, molecular weight of SQR and the amount of protein used in the assay.
Inhibition of SQR
The half maximal inhibitory concentration (IC 50 ) for selected inhibitors was k Fast and k Slow (k for a one-phase decay) are the rate constants describing the observed rate at which the dependent variable is decreasing, expressed in s -1 , t is time, and b is the end point of the data trace. The rate constants k Fast (for the two-phase decay) or k (for the one-phase decay) obtained from fitting was used to indicate the FAD reduction activity.
Redox Potentiometry and Electron paramagnetic resonance (EPR) spectroscopy
Redox titrations were carried out anaerobically under argon at 25 °C on wild-type SQR and the SQR Phe357Ala/Phe394Ala variant at a total protein concentration of 50 µM in 50 mM MOPS, 0.5 M NaCl, pH 7.0. The following redox mediators (dyes) were used at a concentration of 25 µM: quinhydrone (+287 mV), 2,6-dichlorophenolindolphenol (+217 mV), 1,2-naphthoquinone (+125 mV), toluylene blue (+115 mV), phenazine methosulfate (+80 mV), thionine (+60 mV), methylene blue (−11 mV), resorufin (−50 mV), indigo trisulfonate (−80 mV), indigo carmine (−125 mV), anthraquinone-2-sulfonic acid (−225 mV), phenosafranine (−255 mV), and neutral red (−329 mV). All samples were prepared in 3-mm internal diameter quartz EPR tubes, rapidly frozen in liquid nitrogen-chilled ethanol, and stored in liquid nitrogen until analyzed. EPR spectra were recorded using a Bruker Elexsys E500 spectrometer equipped with a Bruker liquid nitrogen-evaporating cryostat at 150 K, 20-milliwatt microwave power at 9.43 GHz. All spectra reported are the average of five scans using the modulation amplitude of 4.0 G pp at 100 KHz modulation frequency.
Potentiometric titration data were analyzed by plotting the signal height of peak-trough amplitude versus E h (electrode potential relative to the standard hydrogen half cell) and fitting the data to two midpoint potential values (E m1 and E m2 ) using the equation 
Results

SQR can use both benzoquinones and naphthoquinones as electron acceptors.
SQR catalyzes the oxidation of sulfide and the reduction of ubiquinone via a noncovalent FAD cofactor. In previous publications we have utilized decylubiquinone as an artificial electron acceptor to monitor catalytic activity (Zhang and Weiner 2014) .
Additionally, a crystal structure of decylubiquinone bound in the quinone site has been published (Cherney et al. 2010 ). Herein we measured the efficiency of several quinone analogues to serve as an electron acceptor for Na 2 S oxidation by determining k cat /K m at steady state. As shown in Table 1 
Quinone inhibitors of SQR
Five well-studied quinone inhibitors were tested for their inhibitory potency on SQR activity: pentachlorophenol (PCP), 2-(n-heptyl-4-hydroxyquinolone N-oxide (HOQNO), theonyltrifluoroactone (TTFA), carboxin and antimycin A. The half maximal inhibitory concentrations (IC 50 ) were determined and the in vitro inhibition constants (K i )
were then calculated using the Cheng-Prusoff equation ( to enzymatic analysis. Two kinetic assays were used to characterize the variants. A presteady state reaction follows the Na 2 S dependent reduction of FAD ( Fig. 2 and Fig. S2) and a Na 2 S dependent reduction of DUQ measures the overall catalytic activity of the variants (Table 3 and Fig. S3 ).
Phe357 and Phe394 sandwich the benzoquinone ring
The benzoquinone ring of the DUQ is sandwiched between the aromatic rings of Phe357 and Phe394 (Cherney et al. 2010) . Phe357 is situated next to one of the essential cysteines (Cys356) and interacts with the O4 atom of FAD through its main-chain nitrogen and oxygen atoms at a distance of 3.42 Å and 3.18 Å, respectively (Cherney et al. 2010 ). In contrast, Phe394 is ~7 Å away from FAD. Alanine variants were generated at these positions to verify that the hydrophobic "sandwiching" of the benzoquinone head group is critical for activity. Both variants retained less than 10% wild-type steady-state activity with k cat values of 0.3 ± 0.01 s -1 and 0.6 ± 0.02 s -1 , respectively (Table 3) . Surprisingly, for the SQR Phe357Ala variant the K m for DUQ was not altered but the K m for Na 2 S increased 13-D r a f t fold (40.8 ± 3.5 µM). The SQR Phe394Ala variant also had an unaltered K m for DUQ and the K m for Na 2 S showed a slight increase (8.05 ± 2.8 µM). When both Phe residues were converted to Ala the enzyme was totally inactive. We also attempted to examine the Na 2 S dependent pre-steady state reduction of FAD in the SQR Phe357Ala , SQR Phe394Ala and SQR Phe357Ala/Phe394Ala variant enzymes but no FAD bleaching was detectable beyond FAD photoreduction of 0.1 ± 0.05 s -1 (Zhang and Weiner 2014) (Fig. 2) . To examine if alteration of these Phe residues affects the redox potential of FAD in SQR, potentiometric titrations of the FAD semiquinone of the wild-type SQR and SQR Phe357Ala/Phe394Ala variant were performed at neutral pH (Fig. 3) . Curve fitting of the FAD semiquinone signal revealed a midpoint potential of -136 ± 5 mV (E m1 = -71 ± 5 mV, E m2 = -200 ± 5 mV) at pH 7.0 in SQR Phe357Ala/Phe394Ala variant, which is similar to that in wild-type SQR (E m = -139 ± 5 mV; E m1 = -58 ± 5 mV, E m2 = -220 ± 5 mV).
Phe41, Pro43, Gly322 and Lys391 encompass the quinone binding pocket
Phe41, Pro43 and Gly322 were substituted with Ala and Lys391 was substituted with Ala, Asp, Glu and Arg. In the steady state assay, SQR Phe41Ala and SQR Pro43Ala variants retained about 15% activity with k cat values of 1.2 ± 0.04 s -1 and 1.3 ± 0.03 s -1 , respectively and Michaelis constants for Na 2 S and DUQ similar to the wild-type enzyme. However, the SQR Gly322Ala variant was expressed and assembled but was totally inactive (Table 3) indicating that placing a side chain in this position was highly disruptive to catalysis.
In the pre-steady state kinetic assay, the SQR Phe41Ala variant retained about 75% of FAD reduction activity ( Fig. S3) Lys391 is located within hydrogen-bonding distance of both DUQ and FAD in SQR.
Its side chain ζ-amine group could interact with the C-4 keto oxygen (the O4 atom) of FAD and/or of DUQ, and participate in proton transfer (Table S1 and S3). In order to identify the function of Lys391, Ala, Glu, Asp and Arg variants were generated. The SQR Lys391Ala , SQR Lys391Asp and SQR Lys391Glu variants were totally inactive in both the pre-steady state and steady state kinetic assays ( Fig. 2 and Table 3 ). In contrast, the SQR Lys391Arg variant D r a f t retained 62.5% of FAD reduction activity in the pre-steady state kinetic assay ( Fig. 2 and   Fig. S2 ), but only ~1% DUQ reductase activity with a k cat value of 0.1 ± 0.01 s -1 (Table 3 and Fig. S3 ). Overall this suggests that Lys391 participates primarily in quinone reduction.
Tyr323, Asn353, Ile368 and Tyr411 interact with the hydrophobic quinone tail
Tyr323, Asn353, Ile368 and Tyr411 are situated around the entrance of the quinone binding pocket in SQR and are not highly conserved. Based on our crystal structure of DUQ bound to SQR (PDB ID: 3T31), all interact with the hydrophobic quinone tail (Cherney et al. 2010) . To examine the catalytic role of these residues, each was substituted with Ala. Additionally Tyr411 was converted to Phe.
In the steady state kinetic assay, mutation of these residues resulted in almost complete loss of activity with k cat values of 0.2 to 0.9 s -1 , corresponding to 3-13% of the activity of wild-type SQR ( (FAD) of -139 mV (Zhang and Weiner 2014) . SQR is relatively small and the threedimensional structure of SQR indicates that the quinone binding site is very close to the FAD which in turn is close to the catalytic sulfide oxidation site consisting of Cys160, Cys356 and FAD. Thus one could predict that mutations of conserved amino acids in the quinone binding site could have profound effects not only on quinone reduction but also on sulfide oxidation and sulfide mediated FAD reduction.
Inspection of structurally characterized quinone sites in many dehydrogenases and reductases does not provide a well-defined structural binding motif but some general features can be discerned (Fisher and Rich 2000; Rich 1996) . Quinone-binding sites are hydrophobic and normally have several aromatic residues (Phe, Tyr, His or Trp) within 4 Å of the quinone molecule. In the quinone site of SQR three aromatic residues (Phe41, Phe357 and Phe394) interact with the quinone ring and an additional two aromatic residues (Tyr323 and Tyr411) interact with the quinone tail. We investigated the role of the quinone binding site in SQR catalysis and showed that the enzyme could use both benzoquinones and naphthoquinones and that there was no obvious correlation between K m or k cat and activity although there was a rough correlation between the redox potential (E m,7 ) of quinone and activity (i.e. quinones with a more positive E m,7 than -139 mV exhibited greater activity).
At.f SQR was inhibited by PCP and HOQNO. These inhibitors have been shown to bind to the quinone binding site of nitrate reductase, succinate dehydrogenase and fumarate reductase (Bertero et al. 2005; Maklashina and Cecchini 1999) . The apparent IC 50 value of HOQNO (9.1 µM) for SQR At.f is close to that for SQRs from Aquifex aeolicus and
Rhodobacter capsulatus (12 µM and 5.6 µM, respectively) (Nubel et al. 2000; Shahak et al. 1994) . Interestingly, antimycin A, a strong inhibitor of the SQRs from Aquifex aeolicus, Paracoccus denitrificans and Rhodobacter capsulatus with the apparent IC 50 values of 10 µM, 15 µM and 50 µM, respectively (Nubel et al. 2000; Schutz et al. 1998; Shahak et al. 1994 ) was inactive towards At.f SQR.
D r a f t
We employed a site-directed mutagenesis approach of the quinone binding site to create variants of residues that interact with the benzoquinone ring and hydrophobic tail of the quinone and subjected the variant enzymes to steady state kinetic analysis of Na 2 S dependent reduction of DUQ and pre-steady state kinetic analysis of Na 2 S-dependent flavin reduction.
Conversion of either of the two Phe residues (Phe357 and Phe394) that sandwich the benzoquinone ring to Ala resulted in no affect on the midpoint potential of FAD in SQR, but a 90% loss of DUQ activity. In these variants we could not observe Na 2 Sdependent flavin bleaching. This suggests that mutation of these Phe residues also results in conformational changes at the catalytic Na 2 S oxidation site consisting of Cys160, Cys356
and FAD. However we cannot rule out that very limited residual activity might result from flavin-independent direct DUQ reduction by Na 2 S within the enzyme. This is supported by the lack of FAD bleaching and the increased K m of Na 2 S in the variants.
Four additional conserved amino acids are found within the quinone binding site.
Mutation of Phe41 to Ala had minimal effect on FAD reduction but reduced the overall reaction rate by 85%. Given that Phe41 is 6.5 Å from the FAD this is not unexpected.
Mutation of Pro43 or Gly322 to Ala reduced both FAD and DUQ reduction to very low levels. As these two amino acids are within 4 Å of both FAD and DUQ, this indicates close conformational coupling between the sulfide oxidation site and the quinone site. As noted above we cannot rule out direct Na 2 S reduction of DUQ in the enzyme. Lys391 hydrogen bonds to both the quinone (backbone amide) and FAD (N ζ ). Mutation to Arg had only a small effect on FAD reduction/sulfide oxidation but eliminated DUQ reduction. Mutation to Ala, or acidic residues Asp or Glu eliminated both FAD and DUQ reduction. Thus mutation to another positive amino acid was tolerated for the FAD reduction/sulfide oxidation step but not DUQ reduction. Placing a neutral or acidic residue in this position was not tolerated.
Tyr323, Asn353, Ile368 and Tyr411 make up the isoprenoid binding channel for the quinone and interact with the DUQ decyl chain. Mutation of any of these amino acids to Ala eliminated DUQ reduction. A similar perturbation of the isoprenoid binding channel has been observed in SQR from the archaea Caldivirga maquilingensis (Lencina et al. 2013 ). Mutation of Tyr323, Ile368 or Tyr411 to Ala also eliminated Na 2 S reduction of D r a f t FAD. This was unexpected as these residues are physically distant from the FAD and Na 2 S catalytic site. Mutation of Asn353 to Ala or Tyr411 to Phe retained significant FAD reduction activity.
The two ketone oxygens (O1 and O4) of oxidized quinone are hydrogen bond acceptors. The typical hydrogen bond partners include the polar/ionizable residues Glu, Asp, Lys; the polar residues His, Ser, Tyr, Arg, backbone NH and water molecules (Zheng et al. 2010) . In SQR, a Tyr (Tyr411) is located within hydrogen-bonding distance of the DUQ C-1 ketone oxygen (O1); the distance between the O1 atom of DUQ and the OH of Y411 is 3.4 Å ( Table S1 and The quinone site of Aquifex aeolicus SQR is the only other structurally characterized SQR quinone site (Marcia et al. 2009) . At.f SQR has 40% sequence identity with Aq. aeolicus SQR. The superposition of the At.f SQR structure with the structure of Aq. aeolicus SQR (PDB ID: 3HYW) shows high similarity with a root-mean-square deviation (RMSD) value of about 1.3 Å for 401 C α atoms (Fig. 4) . Both of the quinone sites are located in the hydrophobic region and close to the isoalloxazine ring of FAD. The amino acids (Phe41, Pro43, Lys391 and Phe394; in the At. ferrooxidans numbering)
interacting with the benzoquinone head are similar except that the aromatic ring is bound between the benzene ring of Phe385 and the side chain of Ile346 in Aq. aeolicus SQR. In contrast, the amino acids that interact with the hydrophobic quinone tail are varied due to the high flexibility of the amphipathic helices in the C-terminal domain (Fig. 3) .
Overall our kinetic analysis shows that there is an intimate conformational connection between the catalytic Na 2 S oxidation site and the quinone reduction site; and 
